The magnetar SGR J1745−2900, discovered at parsecs distance from the Milky Way central black hole, Sagittarius A , represents the closest pulsar to a supermassive black hole ever detected. Furthermore, its intriguing radio emission has been used to study the environment of the black hole, as well as to derive a precise position and proper motion for this object. The discovery of SGR J1745−2900 has opened interesting debates about the number, age and nature of pulsars expected in the Galactic center region. In this work, we present extensive X-ray monitoring of the outburst of SGR J1745−2900 using the Chandra X-ray Observatory, the only instrument with the spatial resolution to distinguish the magnetar from the supermassive black hole (2.4 angular distance). It was monitored from its outburst onset in April 2013 until August 2019, collecting more than fifty Chandra observations for a total of more than 2.3 Ms of data. Soon after the outburst onset, the magnetar emission settled onto a purely thermal emission state that cooled from a temperature of about 0.9 to 0.6 keV over 6 years. The pulsar timing properties showed at least two changes in the period derivative, increasing by a factor of about 4 during the outburst decay. We find that the long-term properties of this outburst challenge current models for the magnetar outbursts.
INTRODUCTION
Corresponding author: Nanda Rea rea@ice.csic.es Due to the coupling of extreme gravitational fields with very strong magnetic fields, neutron stars are among the most interesting celestial objects. At the magnetic extreme of the pulsar population, some thirty sources were discovered in the past decades, collectively labelled as magnetars (see Kaspi & Beloborodov 3 ----- * Chandra ACIS-S grating observations. † New unpublished observations. Fluxes and luminosities are in the 0.3-10 keV energy range. Observations where a dash (−) is present, were merged with the above ones in the spectral modelling.
2017 for a recent review). These objects are typically characterized by: i) peculiar flaring/bursting activity on several timescales and luminosities (L ∼ 10 38 − 10 46 erg s −1 during 0.1 − 500 s), ii) long-term outburst activity, during which for months to years their persistent luminosity is enhanced by several orders of magnitudes (Coti Zelati et al. 2018) , iii) relatively slow rotational periods compared to those of the isolated pulsar population (spin periods typically in the 0.3 − 10 s range), and iv) surface dipolar magnetic fields generally estimated to be of the order of 10 13 − 10 15 G. These properties lead to the idea of magnetars being powered by their large magnetic energy (Thompson & Duncan 1995 , 1996 . Studies of magnetar outbursts in the past decades Pons & Rea 2012; Vigano' et al. 2013; Gourgouliatos, & Cumming 2014; Wood & Hollerbach 2015; Lander & Gourgouliatos 2019 ) have led to a deeper understanding of the magnetar phenomenology, and in particular of the physics of the surface cooling after such a large energy injection (Pons & Rea 2012; Li, Levin & Beloborodov 2016) . They also allowed the discovery of lowfield magnetars (Rea et al. 2010 (Rea et al. , 2012a (Rea et al. , 2013a (Rea et al. , 2014 , of magnetar-like emission in other neutron star classes such as Central Compact Objects (D'Ai et al. 2016; Rea et al. 2016 ) and canonical rotational powered pulsars (Gavriil et al. 2006; Kumar & Safi-Harb 2006; Archibald et al. 2016 ). However, many questions still remain to be answered, such as the mechanism which triggers the outburst emission, the role of the magnetic field helicity inside the star and in the magnetosphere, and the effects of the outbursts on the long-term quiescent luminosity of these objects (Carrasco et al. 2019) . The recent discovery of magnetar-like emission in sources not previously counted as magnetars, led to question the exact definition of a magnetar, as well as the birth properties and number of sources showing magnetar-related emission. In this general context happened the discovery of a powerful magnetar as the closest known pulsar to the Milky Way central supermassive black hole, Sagittarius A (Sgr A ). SGR J1745−2900 was discovered on 2013 April 25, with the detection of a magnetar-like burst in the soft gamma-rays by the Swift-BAT instrument (Kennea et al. 2013a ). Follow-up observations revealed a bright X-ray counterpart (L X ∼ 5 × 10 35 erg s −1 for an assumed distance of 8.3 kpc), with the striking feature of being located at an angular distance of only 2.4 from Sgr A , resulting in a projected separation of 0.097 pc from the central supermassive black hole (Rea et al. 2013b) . Coherent pulsations at a spin period of ∼3.76 s were detected both in the X-ray (Kennea et al. 2013b; Mori et al. 2013; Rea et al. 2013b; Kaspi et al. 2014 ) and in the radio band (Shannon & Johnston 2013; Lynch et al. 2015; Pennucci et al. 2015) , making SGR J1745−2900 the fourth confirmed radio-loud magnetar alongside XTE J1810−197, 1E 1547 −5408 and PSR 1622 −4950 (Camilo et al. 2006 , 2007 Levin et al. 2010) , with a dipolar surface magnetic field of B ∼ 2 × 10 14 Gauss.
The pulsed radio emission of SGR J1745−2900 allowed many interesting measurements, such as the high magnetic field lower limit within the Sgr A environment (B > 8 mG ; Eatough et al. 2013 ) and the magnetar proper motion of 236 ± 11 km s −1 at a position angle of 22 ± 2 • East of North (Bower et al. 2015) .
The closeness of SGR J1745−2900 to the Galactic center black hole hampered its observation and monitoring with X-ray instruments with standard few-arcsec spatial accuracy, leaving the study of the long-term behavior of this magnetar to Chandra and its superb sub-arcsecond angular resolution. The X-ray monitoring up to 3 years after the outburst activation can be found in several papers (Rea et al. 2013; Kaspi et al. 2014 , Coti Zelati et al. 2015 , showing the very slow cooling of this magnetar, as well as large spin down changes during its outburst evolution.
In this paper, we report on new Chandra observations of SGR J1745−2900 which complete the characterization of the spectral and timing properties of the Galactic center magnetar until August 2019, covering 6 years of X-ray outburst evolution. In § 2 we describe the observations and the data processing, in § 3 we report on the timing and spectral analysis, while the discussion of our results follows in § 4.
OBSERVATIONS AND DATA EXTRACTION
The Chandra X-ray Observatory monitored SGR J1745−2900 between 2013 April 29 and 2019 August 19, for a total dead-time corrected on-source exposure time of about 2.3 Ms. Leaving aside the first pointing, which was carried out with the spectroscopic detector of the High Resolution Camera (HRC-S), and 6 pointings with the ACIS imaging array (ACIS-I) that had the source in a very off-axis position, all other observations were performed with the Advanced CCD Imaging Spectrometer spectroscopic array (ACIS-S; Garmire et al. 2003 ) operated in timed-exposure imaging mode and with faint telemetry format. A few observations were performed using the High Energy Transmission Grating (HETGS), while a 1/8 sub-array was adopted to achieve a time resolution of 0.44104 s, to be sensitive to pulsations at the magnetar spin period of ∼ 3.76 s. The source was always positioned on the back-illuminated S3 chip. See Table 1 for more details on the ACIS-S observations used in this work. All data were processed using the Chandra Interactive Analysis of Observations software (ciao, v. 4.11; Fruscione et al. 2006 ) and the most recent version of the calibration files (caldb, v. 4.8.3). We reduced the data using the same procedures as detailed by Coti Zelati et al. (2017) . The source photons were collected from a circular region with a 1.5 radius, while the background was estimated for each observation against many regions significantly differing in shape, size and proximity to the source (avoiding Sgr A , bright transients, and known X-ray sources in the field). A 1.5 circle at the target position in pre-outburst, archival, ACIS-S observations of the field was also used to assess the correct background level. Pile-up affected the first years of observations (see Coti Zelati et al. 2015 for details), while the latest data sets were not impacted by it, as a result of the decreased source flux. All analyses were restricted to photons having energies between 0.3 and 8 keV. All spectral files, redistribution matrices and ancillary response files were generated via specextract; the spectra were grouped to have at least 50 counts in each energy channel. All uncertainties in this work are quoted at the 1-σ confidence level for a single parameter of interest, unless otherwise specified.
DATA ANALYSIS

Spectral analysis
We modeled the spectra using xspec 1 (version 12.10.1f; Arnaud 1996) . All spectra were fitted si-1 http://heasarc.gsfc.nasa.gov/xanadu/xspec/ multaneously with an absorbed blackbody model (see Fig. 1 ), assuming abundances from Wilms, Allen & Mc-Cray (2000) and the photo-electric cross-sections from Verner et al. (1996) . In the first 12 spectra (obs IDs from 14702 to 15045, corresponding to the first ∼ 200 days of the outburst decay) we added a pile-up model (Davis 2001) to account for the spectral distortions induced by pile-up (see Coti Zelati et al. 2015 for more details). Given the decay of the source flux, to have enough counts to perform a reasonable spectral analysis with observations where the count rate dropped below 0.001 counts/s, we have merged the observations during each Chandra observing window (time span < 1 month; see also Table 1 ). We checked that no flux or spectral variability were significantly observed among the datasets that were merged.
During the modeling, the hydrogen column density (N H ) is tied across all spectra whereas the blackbody temperature and radius are left free to vary. The fit yields a χ 2 ν = 1.01 for 2718 dof. The inferred column density is N H = (1.86 ± 0.01) × 10 23 cm −2 . We report in Table 1 , Figure 1 and 2 the results of the best-fitting black body component, showing the temporal evolution of the spectral parameters and the observed flux.
The source flux is decreasing very slowly. The blackbody temperature still remains at a relatively high value of ∼0.6 keV, having cooled down by only 0.3 keV over 6 years of outburst ( Figure 2 ). Our fits show that the fading resulted mainly from the shrinking of the black body emitting region, that went from an initial radius of 2.5 km to a small spot of 0.3 km (assuming a distance of 8.3 kpc).
To have an estimate of the upper limit of the thermal emission from the rest of the neutron star surface, we have added to the model a further black body component fixing its radius to 12 km (typical value for most neutron star equation of states), and fitting it simultaneously to all observations. We found that the maximum temperature compatible with the observations, for the rest of the surface of SGR J1745−2900, is < 0.2 keV.
Timing analysis
To derive updated ephemeris, we searched the new data for coherent pulsations in the range of frequencies expected according to the timing solution given by Coti Zelati et al. (2017;  see the rightmost column of Table 2 in that paper, which represents the updated version of the solution labelled as B by Rea et al. 2013 and Coti Zelati et al. 2015) . We evaluated a Fourier power density spectrum for each of the observations listed in Table 2 , and restricted the search for a pulsed signal in the range of the pulsar spin frequencies expected according to the solution, ν
andν CZ are the ephemeris measured by Coti Zelati et al. (2017) over the time interval 56709.5-57588.5 MJD, T 0 = 56710.0 MJD is the reference epoch of that timing solution, and t is the start time of the actual observation considered (see Table 2 ). The frequencies considered in the search ranged from ν exp (t)−3σ to ν exp (t)+3σ. Here σ = [σ(ν exp (t)) 2 + σ(ν IF S ) 2 ] 1/2 is the quadratic sum of the uncertainty on the expected frequency σ(ν exp (t)), derived by propagating the uncertainties of the older timing solution measured by Coti Zelati et al. (2017) to the epoch of the observations considered here, and the uncertainty on the frequency measured in the new observations σ(ν IF S ) = 1/(2T obs ), equal to half the spacing between independent Fourier frequencies (see Table 2 ). We evaluated the number of trials needed to sample the expected range of frequencies as n = 1 + 3σ/σ(ν IF S ), and obtained values ranging from n = 5 to 7. This is equivalent to performing a search for periodicities with a flat prior on frequencies in the ±3σ interval determined from the previous timing solution. The maximum Fourier power density observed in the considered range, P max , and the probability p noise (n) of being due to white noise weighted for the number of trials n, are given in Table 2 . We chose to consider that a detection is statistically significant if p noise (n) is lower than 2.7 × 10 −3 . Only during observation ID 20344 the pulsed signal had a very low probability of being due to noise, 1.2 × 10 −5 , which is equal to cumulative probability beyond 4.4σ of a standard normal distribution. During observations IDs 20346 and 21455, a signal with a low probability of being due to noise, but still larger than the 3-σ white noise threshold, was found. We determined the frequency ν max in each of these observations by performing an epoch folding search sampling the pulse in 8 bins, and fitting the peak of the pulse variance with a Gaussian distribution. The uncertainties on the frequency ν meas listed in Table 2 were tained following Leahy et al. (1987) . We evaluated the rms pulsed fraction A rms fitting the pulse profile obtained folding the time series at ν max with sinusoid The bottom panel of Fig. 4 shows the pulse profile observed during observation ID 20344. For the remaining observations in which no signal was significantly detected, we evaluated upper limits on the pulsed fraction given in Table 2 at the 3-σ confidence level (see, e.g., Vaughan et al. 1994 ). The only high significance measurement of the pulsar spin frequency (Obs. ID 20344) is fitted together with the periods determined by Coti Zelati et al. (2017) in the interval MJD 56709.5-57588.5 with a quadratic function
The derived (non phase-connected) solution is reported in the rightmost column of Table 3 . The top panel of Figure 3 shows the frequency evolution over the entire dataset available. The phase-connected solution given by Rea et al. (2013; valid over the interval MJD 56411.6-56475.5, labelled R) and the solution found by Coti Zelati et al. (2015;  valid over the interval MJD 56500.1-56594.2, labelled A) are plotted as a magenta and a blue solid line, respectively. The timing solution derived in this work is plotted as an orange solid line, and is valid across the interval marked by the horizontal arrow labelled as B. The two lower significance frequency measurements ( Table 1 ), each one in a different ephemerides validity range (see Table 3 ). We report the upper limits as derived in Tab. 2 for the last six observations, and averaging over close observations. 20346 and 21455) were also plotted (although not fitted) with red symbols to show that they also follow the bestfitting trend. Residuals with respect to solution A and B are given in the middle and bottom panel, respectively. The addition of the data presented here confirms that the solution A is unable to model the evolution of the frequency measured after MJD 56709. Figure 5 shows the evolution of the pulsed fraction in time, that settled at a value of ∼50%.
DISCUSSION
After more than a decade of systematic monitoring of magnetar outbursts, we can summarize the main common features we have observed so far: (i) a sudden increase and a relatively fast decrease (first year maximum) of the X-ray flux and inferred surface black body temperature; (ii) a subsequent gradual shrinking of the inferred size of the thermally emitting region and a gradual decrease of its temperature; (iii) a fast softening (and often quick disappearance) of a non-thermal X-ray component, sometimes reaching a few hundreds keV; (iv) certain variability of the spin down rate during the outburst decay.
However, having now monitored a few magnetar outbursts for several years, the overall picture of the latetime outburst evolution displays a clear diversity after the first year or two. After the initial period of fast cooling, sources appear to behave in different ways, as revealed by the more recent observations. At the beginning of the outburst, the source evolution is compatible with the two most common theoretical scenarios: cooling of extra heat deposited internally, or imprints of magnetospheric currents. In both these scenarios, the physical trigger is arguably the internal failure of the crust due to excessive magnetic stresses: cracking (Thompson & Duncan 1995; or thermoplastic waves propagation (Beloborodov & Levin 2014 ). The two scenarios have different phenomenological implications. In particular, if a high temperature ( 0.5 keV) is maintained for long time ( 1 year), like in the SGR J1745−2900, the heat diffusion timescales make the "cooling from inside" scenario unfeasible, unless a continuous, shallow deposition of heat happens. On the other hand, this continuous deposition of heat would be difficult to justify and energetically unrealistic. Instead, in the twisted bundle scenario, coronal loops persist over timescales which can vary from many months to decades (Beloborodov 2009 ). Currents circulate in the interior and exterior of the star, and heat the surface in a hotspot by Joule dissipation in the external layers. As currents get dissipated, the hotspot shrinks and the luminosity decreases.
However, the case of the X-ray outburst of SGR J1745−2900 is not easily ascribable to any of the above-mentioned scenarios. On the one hand, the rather high long-lasting temperature of the emitting hot spot (kT BB ∼ 0.9−0.6 keV) and its gradual shrinking (R BB ∼ 2.5 − 0.3 km) are incompatible with the internal cooling scenario. On the other hand, the absence of a nonthermal component over most of the outburst (it was observed only for a few months after the trigger; Kaspi et al. 2014) does not easily support the long-term pres-ence of a powerful magnetic bundle heating the surface from outside (unless arguments related to an unfavorable beaming of the up-scattered photons are invoked).
It is interesting to note that studying the implications of the crust-magnetosphere coupling, Akgun et al (2018) found that allowing strong currents passing through the last hundred meters of the surface (the envelope) where the magnetic diffusivity is high, results in a considerable amount of energy being deposited very close to the stellar surface, where Joule heating is more efficient (as opposed to the interior, where neutrino losses are significant). They show that under certain circumstances the effective surface temperature could increase locally from 0.1 keV to 0.6 keV. Therefore, more attention must be paid to understand how long-lived magnetospheric currents close the circuit through the star, which may be in the future the key to understand the long-lived high temperature of SGR J1745−2900.
The spin period derivative of SGR J1745−2900 has increased overall by a factor of ∼ 4 along the outburst decay. The pulsed fraction has increased only slightly during the first year of the outburst, and maintained a rather constant value within the 40-50% range over the subsequent ∼ 4 years, until the epochs of the most recent detections of pulsed X-ray emission.
Time variability in the spin-down rate is an ubiquitous property for magnetars in outburst (Kaspi & Beloborodov 2017 ). An accurate assessment on the torque evolution in these sources is often hampered by the sparse observational coverage along their outburst decay. Nevertheless, there is no evidence for a common trend among the magnetar sample. Sources such as 1E 1048.1-5937 and the radio magnetars 1E 1547−5408, PSR 1622−4950 and XTE J1810−197, to mention a few, showed unique dramatic changes, and were also observed to undergo glitch and anti-glitch events (Archibald et al. 2020 and references therein) . Variations in the spindown rate of magnetars are believed to be driven by the evolution of the magnetic bundle in the magnetosphere. The basic picture predicts that the spin-down torque should initially increase as the twist grows, then decrease and eventually recover the pre-outburst value as the bundle dissipates (Beloborodov 2009 ). However, this scenario can account for the observed torque evolution only in a few cases (see, e.g., Pintore et al. 2016) , while it does not provide a straightforward explanation for the extremely varied phenomenology of most magnetars. As a matter of fact, detailed simulations would be needed to investigate how the evolving magnetic twist determines the torques in most magnetars along their outburst. 
Comparison between radio emitting magnetars
A further element of complexity comes from the comparison of detected radio emission in coincidence with magnetar outbursts. They are normally absent, however in some peculiar cases they appear after the outburst X-ray peak, while in other cases regular radio pulses are present and get quenched during X-ray bursts (Archibald et al. 2017) . This erratic behavior is currently difficult to explain, given also our poor knowledge of the physical mechanism at the base of pulsars' radio emission. It could be related, for instance, to changes in the rotational energy losses, to the (de)-activation of physical conditions allowing the emission and propagation of radio waves, or to a change of the beaming direction due to magnetic reconfiguration.
Four magnetars are known to emit radio pulsations, to which we should add the radio pulsar, PSR J1119−6127 which recently showed magnetar-like activity (Archibald et al. 2018 ). The first radio magnetar discovered was XTE J1810−197, which remained radio active for almost 5 years after the onset of its X-ray outburst (see Fig. 6 for its late-time X-ray decay). After that period, it became undetectable in the radio during the rest of the X-ray decay which lasted about 9 years (Camilo et al. 2016) . After a period of quiescence (Pintore et al. 2019) , the source underwent a new powerful X-ray outburst at the end of 2018, and radio pulsations were again detected (e.g. Gotthelf et al. 2019) . Another radio magnetar is PSR 1622−4950, the only magnetar discovered at radio wavelengths without prior knowledge of an Xray counterpart (Levin et al. 2010) . At the time of discovery, its X-ray flux was decaying from an outburst possibly started around 2007, and no X-ray pulsations could be detected (Anderson et al. 2012) . Detectable radio emission ceased in 2014 and, despite frequent monitoring, the pulsar remained undetectable until late 2016 (Scholz et al. 2017) , when it underwent a second outburst in the X-ray and radio with detectable pulsations in both bands (Camilo et al. 2018 ; its X-ray evolution is not reported in Fig. 6 because only the first year of X-ray data are currently available).
The other radio magnetars are 1E 1547−5408 and SGR J1745−2900, that have remained very active both in radio and X-rays for several years after the outburst onset. 1E 1547−5408 is still extremely luminous in the X-ray band with respect to its pre-outburst quiescent level (Coti Zelati et al. 2020) . Its long-term radiative properties are challenging the internal cooling model, but are still compatible with the magnetic bundle model given the strong non-thermal component that is still present in its spectrum 10 years after the outburst onset (see Fig. 6 ).
It is interesting to compare the long term X-ray outburst of these radio-magnetars: all follow a very slow cooling, taking several years, but with very different decays. The level of the X-ray peaks of 1E 1547−5408 and SGR J1745−2900 is similar, with a clear flux decrease during the first year. However, SGR J1745−2900 keeps on fading, being now over two orders of magnitude fainter than at the beginning of the outburst, and having now reached a fainter level of quiescence than the limits we could derived from the pre-outburst Chandra observations (red line and arrow in Fig. 6 ). On the other hand, 1E 1547−5408 has maintained a high level of flux and inferred temperature (Coti Zelati et al. 2020) , compatible with being constant in the past few years. Note that if we had lacked deep limits on the pre-outburst luminosity (see Fig. 6 ), we would have defined the current state as the 1E 1547−5408's standard quiescent luminosity. This is not the case for SGR J1745−2900 which however shows the same uncommon length of fading timescales. Concerning XTE J1810−197, the early times of its outburst in 2003 were missed (and only observed with RXTE above 2 keV until about 200 days after the estimated onset epoch). Furthermore, its new outburst started at the end of 2018 is still too recent to be compared with the other events presented here.
CONCLUSIONS
The Galactic center magnetar, SGR J1745−2900, keeps fading with a relatively slow but steady rate. The high temperature of the emitting region of SGR J1745−2900 after 6 years of outburst decay, and the shrinking of its emitting radius over the outburst evolution disfavor the internal cooling scenario for this event. On the other hand, the purely thermal emission, with no sign of a non-thermal component over the past 5 years, disfavor a long-lived magnetospheric bundle as the source of heat powering the emission of this peculiar outburst, which clearly represents a very peculiar event in the magnetar outburst population.
